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C h a p t e r  5  
HIGHLY SELECTIVE COMPLEXATION WITH 18-CROWN-6 ETHER 
SEQUESTERS PRIMARY AMINES IN SIMULATED TITAN AEROSOL 
FOR ENHANCED DETECTION AND STRUCTURAL ANALYSIS 
5.1 Abstract 
The aerosols present on Saturn’s moon of Titan are proposed to contain molecules 
composed of carbon, nitrogen, and hydrogen.  These aerosols have been simulated under 
laboratory conditions and found to be difficult to analyze due to their chemical complexity 
and the inclusion of a large number of different molecules.  One particular expected 
functionality that has been the target of prior analyses are primary amines.  Alkyl primary 
amines have been identified in prior work, but bulk primary amine identification and 
structural identification of said amines remains difficult.  To not only identify a variety of 
primary amines but also obtain this additional structural information, a host-guest 
supramolecular complex with 18-crown-6 ether is utilized, enabling the identification of 
primary amines with minimal sample processing.  The use of a MS3 neutral loss method with 
an ion trap mass spectrometer allows for the unambiguous identification of primary amines 
and also the elucidation of some structural information.  Compounds with nitrile 
functionality are identified, in addition to phenyl containing molecules.  Both of these 
compound types present interesting implications for astrobiology and the complexity of 
primary amines possible in Titan’s atmosphere.            
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5.2 Introduction 
The Cassini-Huygens mission brought to light many interesting features of Saturn’s 
moon Titan.  While the lakes of methane and ethane1, dunes2, and river valleys3 are all 
interesting, the atmosphere presents a more astrobiologically intriguing target.  Titan’s 
atmosphere is composed of nitrogen (90-98%) and methane (2-10%) with other trace 
gases.4,5  The UV irradiation of this atmosphere produces molecules with various amounts 
of nitrogen incorporation that condense into aerosols and descend to the 95K surface.6-8  
Investigations of these aerosols by the Huygens lander found a large amount of chemical 
complexity, with even more complexity possible within molecules too large for detection 
with the mass spectrometer present on the mission.5, 9  This has increased interest in the 
aerosols found on this moon and driven the desire to study these complex aerosols and 
characterize any prebiotic molecules found within. 
To better study Titan’s aerosols, simulants called tholins are made in the laboratory 
using a variety of different energy methods (discharge, cold plasma, UV), pressures, 
temperatures, and gas mixtures to simulate the atmosphere and induce chemistry.10-25   The 
resultant brown to orange colored solid is then collected for subsequent analysis.  These 
samples have been studied using a variety of methods including but not limited to nuclear 
magnetic resonance,13, 14 gas chromatography,16, 17, 26-29 UV and IR spectroscopy,11, 15, 20, 30, 31 
and electrospray mass spectrometry.18, 21, 22, 27, 32  While all of these different methods help to 
provide useful information, most allow only for chemical functionality or chemical formulae 
to be determined.  For methods that allow both pieces of information to be obtained along 
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with some structural identification there tend to be complications with particular 
functional groups or the identification of larger molecules within the mixture. 
Amines are one functional group of astrobiological interest, due to their prevalence 
in common biological molecules such as amino acids.  Amines are likely present in Titan 
aerosols and tholins but are difficult to detect with methods such as gas chromatography.10  
Aliphatic primary amines in tholins have been studied using a lab-on-a-chip capillary 
electrophoresis method with fluorescence detection.33  The use of fluorescence necessitated 
the use of covalent derivatization conditions and matching of the resultant capillary 
electrophoresis peaks to readily available standards.  While such a method is well suited to 
eventual in-situ mission applications, the need for standards necessitates complimentary 
methods for bulk identification prior to later characterization with mission applicable 
methodology.  The desire to selectively identify a large variety of primary amines in these 
tholins makes this problem well suited to the use of host-guest supramolecular chemistry. 
Supramolecular chemistry is a well-known area of physical organic chemistry, 
involving the formation of a larger subunit from two different molecules bound by non-
covalent interactions such as hydrogen bonds or electrostatic forces.34-36  The many 
interactions found within supramolecular chemistry often take inspiration from similar 
interactions found in biology.37  There, supramolecular chemistry is responsible for the self-
assembly of common structures such as the DNA double helix38, 39 and the β-sheets of 
proteins.40  Due to the prevalence and stability of these supramolecular assemblies,38, 41-44 
these types of interactions are utilized in multiple applications, from molecular recognition45 
to catalysis,39 making supramolecular assemblies well suited for many analytical methods.  
One supramolecular assembly commonly used for analytical characterization is a host-guest 
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complex.45-48  In these interactions a host molecule binds, in a reversible manner, with 
the smaller guest molecule containing a specific chemical functionality for which the host is 
sensitive.43  These host-guest complexes are commonly seen in biology with enzymes and 
substrates, but are also used to assist in chemical synthesis and drug delivery.37, 47  The 
versatility and selectivity of host-guest chemistry ability makes these complexes an attractive 
option for the analysis of tholins.    
A major driver in the analysis of tholins are methods that enable the identification 
and characterization of target molecules within the mixture using minimal sample 
processing.10  Many other analytical methods used for such samples rely on covalent 
derivatization and subsequent chromatography.49-51  These methods can increase 
experimental timescales and complicate the analysis if the necessary solvents or conditions 
are incompatible with certain compounds present, a known concern with the analysis of 
tholins considering their low solubility.  Host-guest chemistry presents an alternative since 
they are typically sensitive to a particular functional group and can often be employed with 
milder conditions than covalent derivatization.  The analysis of complex organic mixtures 
such as tholins usually relies on mass spectrometry, due to its ability to elucidate both 
chemical formula from the mass to charge ratio and structure by either conjunction with 
chromatography or the use of tandem mass spectrometry.52-54  The host-guest complex used 
in the analysis of amines in tholins should take into account steps ease detection by mass 
spectrometry.  The important factors in host selection are an increase in the mass range, 
especially if the proposed guest is small, facilitating the formation of a charged complex 
since mass spectrometry relies on detection of charged molecules, and that the host-guest 
complex is strong enough to survive the ionization process. 
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A selective host for primary amines is 18-crown-6 ether, shown in figure 5.1.  
This host is known to strongly complex to cations such as potassium, and also hydrogen 
bonds well with hydronium ion.48, 55-60  This same hydrogen bonding has been used to 
complex 18-crown-6 ether to primary amines found in peptides and proteins,61, 62 with 
complexation to secondary amines also observed.48  This hydrogen bonding preserves the 
positive charge of the guest, making it well suited as a host for mass spectrometry.55, 62  
Additionally the crown ether complex has been characterized as stronger in the gas phase 
compared to solution.  This phenomenon has been used to probe the solution phase structure 
of peptide-crown ether complexes during sampling by electrospray mass spectrometry.61  18-
crown-6 ether has also been used with a variety of solvents to enable the separation of amino 
acids in capillary electrophoresis.63  These factors and the ease with which this selective host-
guest complex can be formed make it an ideal host for the study of primary amines in tholins.  
 
 
Figure 5.1.  18-crown-6 ether structure 
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In this study we probe the multiple different primary amines present within two 
tholin samples by 18-crown-6 ether complexation and analysis by MS/MS64 and tandem MS3 
mass spectrometry, the latter employing a neutral loss (NL) scan instrumental method.  This 
second method allows for the determination of both which molecules are bound to the crown 
ether and identification of some structure.  The results from this study indicate that a large 
number of different molecules readily form complexes and primary amines comprise all of 
the guest molecules readily identified.  The majority of those identified appear to follow set 
structural tendencies with some deviations.  Since there are a large number of structural 
isomers possible within the material, identifications for the majority of compounds are 
limited to most likely chemical formulae.  The breadth of data possible from this experiment 
would enable further identifications with increased sensitivity, resolution, or integration with 
chromatography.  The range of primary amines identified by the 18-crown-6 ether host-guest 
complex show the suitability of the technique to enable the bulk identification of primary 
amines which has proven difficult with other methods.  Additionally, the comparison of a 
new tholin to one that has undergone aging shows that while these amines are quite volatile 
compared to other species, they can still be identified even with decreased abundance.  This 
has important implications for the identification of these primary amines in other tholin 
samples generated with lower yield methods or in other types of samples where the 
identification of low abundance primary amines is desired. 
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5.3 Experimental Methods 
5.3.1 Titan Aerosol Simulants 
The Titan aerosol simulants, or tholins, studied in this work have been well studied 
in other electrospray mass spectrometry experiments and their syntheses, described in detail 
in prior publications,14, 18, 21 are summarized below.  The new tholin was produced in a U-
shaped glass reaction chamber held at 195K.  A gas mixture of 95% nitrogen and 5% 
methane, with a flow rate of 6 atm L h-1 and a pressure of 1000 Pa, was exposed to a 60 Hz 
AC (10V peak to peak) discharge with a current of 30mA.  After a typical run consuming 8 
mol of gas, the solid was collected in a dry, oxygen free glove box and sealed until testing.  
Time and exposure between collection and testing were minimized for this sample. 
The aged tholin was produced in a very similar manner, with a slightly modified 
apparatus.14  A linear high vacuum stainless steel and glass reaction chamber held at 195K 
was filled with a mixture of 95% nitrogen and 5% methane.  Gas flow during the 72 hour 
reaction time period was maintained to hold the chamber at 850 Pa.  The reaction was 
accomplished by exposing the gas mixture to an AC electrical discharge with a current of 
100 mA and an estimated discharge exposure time of 2 seconds.  After synthesis the chamber 
was warmed to room temperature for 24 hours under vacuum and the solid collected under a 
nitrogen atmosphere.  The collected solid has been exposed to and stored under ambient 
atmosphere in a dark freezer for two years prior to this study.    
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5.3.2 Materials and Methods 
The dichloromethane used in the new tholin part of this study was dried using 
magnesium sulfate to ensure minimum water content in the solvent.  2mg/mL of new tholin 
was added to the dried dichloromethane, with no color change observed for the solution.  18-
crown-6 ether was added to this solution to a concentration of 1-2mM.  This mixture was 
electrosprayed on a Thermo LCQ Deca ion trap mass spectrometer.  Instrumental parameters 
were modified to maximize the detection of the peaks of interest, resulting in a higher than 
normal 6.5 KV electrospray needle voltage.  Two types of collision induced dissociation 
(CID) were used to study the sample.  The first was in source CID, utilizing an innate setting 
within the LCQ with voltage settings between 0-12V.  This applies a voltage to the octapole 
guide prior to trapping, allowing for fragmentation of any weak non-covalent bonds within 
the sample.  The second was the traditional CID method, both MS/MS and MS3 on selected 
peaks to confirm the formation of the complex and identify any structural possibilities.64 
Different parameters were utilized for the study of the aged tholin.  The anhydrous 
methanol (99.8%), anhydrous toluene (99.8%) and 18-crown-6 ether (99%) were all obtained 
from Sigma Aldrich.  3.8 mg of the aged tholin was dissolved in a 50/50 mixture of methanol 
and toluene with a 100 µM concentration of 18-crown-6 ether.  While incomplete solvation 
was observed, the solution did display the color change expected with reasonable tholin 
solvation.  This mixture was allowed to sit for at least 20 minutes to allow for maximum 
solvation prior to testing.  The resultant mixture was electrosprayed using a Thermo LTQ-
XL ion trap mass spectrometer.  The instrumental parameters were tuned to ensure detection 
of the peaks of interest.  A neutral loss (NL) method setting within the Xcalibur software was 
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used to perform MS3 NL scans, using CID, on the top 50 peaks.  An isolation width of 2 
m/z was used for both the MS2 and MS3 scans.  Data were accumulated for 10 minutes, for 
which 13 separate cycles of 50 NL scans were performed.  From these data, peaks targeted 
in at least 5 of the 13 cycles were used for subsequent analysis due to low intensity in the 
initial spectrum and the large number of observed peaks preventing analysis of all peaks of 
interest in each cycle.    
5.4 Results 
5.4.1 New Tholin 
18-crown-6 ether has been characterized to show stronger interactions with guest 
molecules in solvents such as chloroform or dimethylformamide, or larger solvents like n-
octanol.48, 60  The increased stability of the complex in these solvents is proposed to be caused 
by the reorganization that occurs when the guest binds, which is readily accommodated with 
solvent environments that display decreased hydrogen boning to the oxygen atoms in the 
crown ether.48  Additionally since 18-crown-6 ether readily binds to water, an easily dried or 
anhydrous solvent was necessary.  These factors drove the selection of dichloromethane for 
this portion of the analysis, prioritizing complex formation over the solvation of the tholin 
sample.   
The resultant electrospray mass spectrum can be seen in figure 5.2.  The protonated 
18-crown-6 and its water complex are the two most intense species, which is to be expected 
considering the high concentration of the crown ether and its ease of ionization.  The species 
seen at lower mass display the characteristic pattern of peak envelopes expected of the 
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electrospray mass spectrum of tholin samples.  This is seen with the consistent 14 m/z 
difference between the respective peaks.  The higher mass species thus contain compounds 
complexed to the 18-crown-6 ether.  The first series, identified by triangles in figure 5.2, 
corresponds to an amino nitrile series.  These compounds have a general overall structure of 
NH2(CH2)xCN, where the x=1-6 for this spectrum.  Some of the compounds in this series are 
of astrobiological interest.  The smallest in this series corresponds to aminoacetonitrile, 
identified by prior analyses of this sample and a prebiotic molecule that readily becomes the 
smallest amino acid glycine upon reaction with water.27  The identification of multiple 
compounds in this series is important due to the inclusion of the nitrile group, believed to be 
a common functionality in Titan aerosols due to the abundance of hydrogen cyanide 
produced in the atmosphere.10, 65  As such, the identification of compounds containing nitriles 
confirms that other nitrogen containing functional groups will not complicate the formation 
of the host-guest complex.  The second series is not as readily identified but is based on an 
ion of 110 Da, with up to four additional methylenes.  Since both series are regular it can be 
assumed that they are mostly linear, with the smaller ions necessitating linearity and the 
larger ions allowing for more variability.  This linearity can be assumed since the region 
around the primary amine should have minimal steric hindrances to allow for the crown ether 
to move through multiple structural confirmations.   
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Figure 5.2.  The overall mass spectrum for the 18-crown-6 ether and new tholin mixture.  The 265 m/z species 
corresponds to protonated 18-crown-6 ether while the 283 m/z species corresponds to the water adduct.  The 
triangles identify the amino nitrile series while circles correspond to the 110 Da series.  Reproduced with 
permission from Hodyss 2006.64 
 
Other possible guests for the 18-crown-6 ether need to be taken into account.  It is 
easily seen from figure 5.2 that the crown ether readily binds with water, and it would also 
be possible to observe a complex with protonated secondary amines or imines.  Both of these 
guests would display weaker binding compared to a primary amine guest.  To take advantage 
of this difference, in source CID was used, shown in figure 5.3, with the intensities for each 
peak compared as the voltage was increased.  It can been seen that the peaks corresponding 
to the two identified series do not readily drop off as voltage is applied, indicating they are 
strongly bound.  The amino nitrile series appears to be the most strongly bound, considering 
the first peak in the series only drops to half intensity at 12V, while the peaks corresponding 
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to the 110 Da series drop off to half intensity by 8V.  These data indicate though that the 
two series identified in figure 5.2 correspond to only primary amine complexes.         
 
 
Figure 5.3.  In source CID spectra for the 300-550 m/z region of the new tholin and 18-crown-6 ether sample.  
Reproduced with permission from Hodyss 2006.64 
 
This initial experiment shows that the 18-crown-6 ether can successfully complex to 
primary amines within a tholin sample without competition from other protonated ions 
within the mixture.  While these results are promising, the high discharge voltage is 
concerning for the analysis of the aged tholin.  This could lead to decreased abundances of 
the molecules of interest and low ionization efficiency complicating their detection.  As such, 
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experimental protocols were modified to facilitate a more thorough analysis of the aged 
tholin. 
 
5.4.2 Aged Tholin 
The selection of a different solvent for this experiment was an important first step 
due to multiple complicating factors. The solvents that enable the strongest complex 
formation with 18-crown-6 ether are known to not electrospray well, as seen in high 
electrospray needle voltage required in the analysis of the new tholin discussed above.  Since 
a decreased amount of amines were expected in the aged tholin20 a more efficient 
electrospray solvent was necessary to maximize detection.  While most solvents are usable 
with 18-crown-6 ether, aprotic solvents are found be much more effective at dissolving the 
Titan aerosol simulants, which are well known to be difficult to solvate regardless of solvent 
type.10  To allow for maximum solvation of the sample, increase host-guest complex 
formation, and still enable analysis by electrospray mass spectrometry, an anhydrous mixture 
of methanol and toluene was used.  This solvent mixture was used in prior electrospray 
analyses of petroleum mixtures,53 which contain high quantities of polar and non-polar 
compounds similar to tholins.  The anhydrous nature of the solvents also limited the binding 
of the crown ether to water, decreasing competitive binding.  The non-polar nature of the 
toluene is proposed to enable improved host-guest complex formation in solution, which is 
necessary to optimize the creation of the much stronger gas phase complex.  While full 
solvation of the tholin was not observed, solvation was similar to that reported in electrospray 
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analyses of this material with a methanol/acetonitrile mixture,21 enabling a reasonable 
comparison to prior work. 
The overall mass spectrum for the aged tholin and 18-crown-6 ether mixture is shown 
in figure 5.4 below.  The displayed mass range of this spectrum eliminates the intense 
protonated 18-crown-6 ether at 265 m/z and the 18-crown-6 ether and water complex at 283 
m/z, both of which are evident in the new tholin spectrum shown in figure 5.2.  A large 
number of different peaks are easily seen, with multiple different mass envelopes and peak 
intensities demonstrating the complexity of the material.  While the preservation of a 
permanent charge would make the 18-crown-6 ether complexes the expected high intensity 
peaks, the high number of isomers combined with the aged nature of the tholin means that 
no complexes can be assumed and more investigation is required. 
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Figure 5.4. The overall mass spectrum for the 18-crown-6 ether and aged tholin mixture.  The 303 m/z species 
corresponds to potassium cation complexed to the 18-crown-6 ether.   
 
To properly identify crown ether complexes and obtain the greatest amount of 
structural information the use of tandem MS3 mass spectrometry with neutral loss (NL) scans 
was utilized.  A NL scan allows for the determination of complexes with the crown ether by 
scanning for crown ether loss (-265 m/z) from the parent peak using an automated method 
targeting the 50 most intense peaks in the overall spectrum.  The initial scan for a NL from 
the parent is important due to the large number of different compounds likely within the 
isolation width (2 m/z) used.  Not only is the complexed species and any isomers it contains 
targeted with this initial MS/MS scan, any molecules present in the tholin with the same 
nominal mass as the complex will also be fragmented.  While this leads to complicated 
MS/MS spectra as seen in some figures below, the fragment corresponding to the NL species 
  
186
is readily identified by this method.  Additionally the preservation of the protonated 
amine makes the NL species the highest intensity peak observed in the MS/MS spectra for 
the majority of compounds examined, which further simplifies analysis.   
If the NL of 264 Da, corresponding to 18-crown-6 ether, is detected, the initial 
fragment ion is further fragmented which provides structural information.  In the case of 
primary amines the loss of 17 Da is seen, corresponding to the loss of the amine group as the 
figures below.  Other fragments can lead to additional structural information, which can assist 
with identification.  In the case of an ion trap mass spectrometer this identification can be 
complicated by the presence of isomers.  The use of the NL scan helps to eliminate some of 
the isomers from the parent, but multiple isomers could still be isolated if each have the 
ability to complex to the crown ether.  The structure of the complex itself can provide some 
insight for identifications, such as low steric hindrance around the primary amine being 
necessary as discussed above.   
Taking the observed data into consideration, peaks reporting a loss indicative of a 
primary amine along with their proposed chemical formulae are shown in Table 1.  These 
data show compounds that were either explicitly identified as showing a primary amine loss 
or, for >368 m/z and 374 m/z, based on the presence of the 265 m/z peak (protonated 18-
crown-6 ether) in the NL loss scan.   The fragments corresponded to the guest molecule for 
the latter compounds were either outside the mass range or low abundance in the NL scan 
spectra.  Even without that extra confirmation, multiple different species can still be 
identified and analyzed.  From an overall examination of the data it is interesting to note that 
the most intense species in the initial spectrum does not correspond to complexed species, as 
expected due to aging related losses from the tholin sample.  This supports the use of a NL 
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mass spectrometry method to confirm the presence of complexes if a low abundance of 
primary amines is expected. 
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Complexed 
Species 
Mass (m/z) 
MS2 
NL 
Peak 
Most Likely 
 Neutral Formula(e)  
Proposed Structural Series Carbon Number 
Alkyl 
Amine 
Amino 
Nitrile 
1 Degree Unsaturation 
310 46 C2H7N* 2 
  
321 57 C2H4N2* 
 
1 
 
338 74 C4H11N* 4 
  
339 75 C3H10N2* 
   
349 85 C4H8N2* 
 
3 
 
350 86 C5H11N* 
  
5 
351 87 C4H10N2* 
   
352 88 C5H13N* 5 
  
353 89 C4H12N2* 
   
363 99 C5H10N2* 
 
4 
 
364 100 C6H13N* 
  
6 
365 101 C5H12N2* 
   
366 102 C6H15N* 6 
  
368 104 C7H5N, C4H13N3* 
   
372 108 C7H9N, C5H5N3 
   
374 110 C5H7N3, C3H4N5* 
   
377 113 C6H12N2 
 
5 
 
378 114 C7H15N, C5H11N3 
  
7 
380 116 C7H17N 7 
  
386 122 C8H11N 
   
391 127 C7H14N2 
 
6 
 
392 128 C8H17N, C6H13N3 
  
8 
394 130 C8H19N 8 
  
401 137 C8H12N2 
   
402 138 C7H11N3, C5H8N5 
   
403 139 C8H14N2 
   
404 140 C9H17N, C7H13N3 
   
405 141 C8H16N2 
 
7 
 
406 142 C9H19N 
  
9 
416 152 C8H13N3, C6H10N5 
   
417 153 C9H16N2 
   
418 154 C10H19N, C8H15N3 
   
419 155 C9H18N2 
 
8 
 
420 156 C10H21N, C8H17N3 
  
10 
430 166 C9H15N3, C7H12N5 
   
431 167 C10H18N2, C8H14N4 
   
433 169 C10H20N2 
 
9 
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474 210 C14H27N, C12H23N3 
   
 
Table 5.1.  Data from the NL scan of the aged tholin and 18-crown-6 ether complex.  Peaks from the overall 
mass spectrum, their NL scan mass, and most likely chemical formulae for the neutral guest molecule are shown.  
Those marked with an asterisk showed a 265 m/z peak in the NL scan but no MS3 scan of the guest were 
obtained.  Structural series for the proposed formula are tabulated, with the number corresponding to the number 
of carbons present in the molecule for the alkyl amines, the number of methylene groups for the amino nitrile, 
and highest number of carbons possible for the unsaturated series.  Those marked with a  correspond to the 110 
Da series identified in the new tholin spectrum shown in figure 5.2.     
5.5 Discussion 
5.5.1 New Tholin 
Since the results shown above for the new tholin indicate the only complexes between 
18-crown-6 ether and primary amines were observed for the identified series, further analysis 
could be attempted.  One peak targeted for additional analysis was 416 m/z, the fourth in the 
110 Da series.  The MS/MS data, shown in the top spectra of figure 5.5, displays fragments 
corresponding to both the loss of 264 Da, the loss of the crown ether, and protonated crown 
ether.  A peak corresponding to the water-18-crown-6 ether complex is also observed, which 
is believed to be related to complexation with water in the trap.  The 152 m/z peak was further 
fragmented, displaying the loss of ammonia, indicating a primary amine, along with the loss 
of two different cyano groups.  Since this sample has been studied in prior work, it is known 
to correspond to either C8H13N3 or C6H10N5.21  From the observed fragments the compound 
contains a primary amine and a terminal cyano group which also allows for the loss of methyl 
cyanide.  It is very possible that the other compounds within the 110 Da series also allow for 
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the loss methyl cyanide.  While these are the same functionalities present within the 
amino nitrile series, the different binding affinity of the 110 Da suggest fundamental 
structural differences, likely related to the incorporation of a secondary or tertiary amine.     
 
 
Figure 5.5  CID data for 416 m/z for the new tholin sample.  Top: MS/MS spectrum of 416 m/z for the new 
tholin.  Bottom: The MS3 spectrum for 152 m/z form 416 m/z.  Reproduced with permission from Hodyss 
2006.64   
 
This example demonstrates that CID allows for dissociation of the complex, with 
MS3 allowing for further fragmentation and an increased structural understanding.  Other 
peaks within figure 5.2 could be identified, but it would require manual selection of each 
peak to screen for a complex with 18-crown-6 ether.  The NL protocol utilized for the aged 
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tholins discussed above allowed for the automation of this selection process, overcoming 
the limitations from the manual selection of peaks.  This NL method allowed not only for the 
increased identification of peaks, as shown in Table 5.1, but also the identification of multiple 
species as discussed below.  
 
5.5.2 Aged Tholin 
From the NL method data for the aged tholin, shown in Table 5.1, most likely 
chemical formulae can be proposed, and from these data four different structural series seem 
to dominate.  The amino nitrile series was confirmed from the MS3 scan, shown in figure 
5.6, of the five methylene amino nitrile.  There are four major fragments seen corresponding 
to losses from either the amine end of the molecule or the nitrile end, suggesting that the 
structure corresponds to an aliphatic amino nitrile with the formula NH2(CH2)4CN, 
identifying the compound as 6-aminohexanenitrile, fitting with the assumption of a linear 
series discussed for the new tholin amino nitrile series.  The loss of methyl and ethyl nitrile 
indicates that, while the 17 Da (NH3) loss is expected for primary amines, the nitrile-
containing losses will dominate over the loss of alkyl amines.  This observation is important 
to the future interpretation of other peaks not examined in this work.  While the other peaks 
corresponding to this series are not analyzed in detail, they are identified in Table 5.1.  The 
observation of this series in the aged tholin is also encouraging since it is the main series 
observed in the new tholin sample.  When comparing the series between the two samples it 
can be seen that the two methylene species is missing from the aged tholin, but three 
additional members of the series corresponding to 7-9 methylenes were newly identified.  
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The large difference in intensity for the same series in these two tholin samples 
demonstrates the impact that aging can have, which has been suggested by prior studies.20          
 
 
Figure 5.6.  CID data for 377 m/z from the aged tholin sample.  Top: MS/MS scan for 377 m/z showing the loss 
of the neutral 18-crown-6 ether (264 Da) as the major peak.  Bottom: MS3 scan for 113 m/z, showing losses 
indicative of an amino nitrile species. 
  
A major series observed for the aged tholin unseen in the new tholin is the alkyl 
amine series, for which the smallest observed species corresponds to ethylamine.  The seven 
carbon compound in this series was the smallest isolated for MS3 (Not shown here), which 
presents complications.  This is due to the large number of possible structural isomers as the 
number of carbons increase.  As such, interpretation of these larger carbon MS3 scans 
becomes difficult and outside the scope of the present work.  The identification of a 17 Da 
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loss does cement these compounds as primary amines with minimal branching close to 
the amine.  The lack of their explicit identification in this work demonstrates the need for 
chromatographic methods to identify these large carbon count alkyl amines; future study of 
these fragments with exact mass resolution could enable better identification of any 
branching present.32 
The second newly observed series corresponds to a single degree of unsaturation and 
does not show a carbon count fewer than five within the suggested chemical formulae.  This 
is suggestive of ring formation contributing to the unsaturation as opposed to a double bond, 
since no smaller compounds with regular unsaturation are observed and a five carbon ring 
would be the first stable ring for which a host-guest complex could form and 17 Da loss be 
possible.  The increasing carbon counts likely correspond to additions to a six carbon ring.  
The seven carbon compound in this series was able to be examined by MS3, as is shown in 
figure 5.7.  This spectra shows the loss of a primary amine which is expected, but two other 
losses that are more difficult to interpret.  The loss of 29 Da shown by the 85 m/z peak is 
suggestive of a methylimine loss, while the 41 Da loss from the 73 m/z peak matches best 
with the loss of acetonitrile.  While the methylimine is possible from double bond formation 
during fragmentation of the ring, the acetonitrile loss is not possible with a single nitrogen 
structure that still complexes to a primary amine.  The nitrile presence suggests more nitrogen 
incorporation.  There are no stable structures with two nitrogen atoms that would allow for 
the observed losses, indicating that at least three nitrogen atoms are necessary to produce all 
of the fragments seen.  
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Figure 5.7.  CID data for 378 m/z from the aged tholin sample.  Top: MS/MS scan for 378 m/z showing the loss 
of the neutral 18-crown-6 ether (264 Da) as the second most intense peak and the protonated 18-crown-6 ether.  
Bottom: MS3 scan for 114 m/z, showing losses of ammonia, methylimine, and acetonitrile.  These losses are 
suggestive of multiple structural isomers.  
 
The loss of both a primary amine and methylimine is suggestive of another 
possibility: the observation of more than one structural isomer within the same neutral loss 
scan.  This would allow for the complexation of one compound, a cyclic primary amine that 
readily loses 17 Da and produces the observed 97 m/z and 85 m/z peaks, and a different 
isomer that contributes to these peaks while also producing the 73 m/z fragment.  The second 
isomer could contain a nitrile and a methyl substituted secondary amine.  This would help to 
explain the methylimine loss being the most intense fragment, since it could be possible from 
both proposed isomers.  The presence of two isomers is further supported by the observation 
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of both the protonated 18-crown-6 ether and the loss of the crown ether in the NL scan, 
as opposed to the observation of only the NL species seen in the amino nitrile spectrum in 
figure 5.6.  The observation of both peaks suggests that the different isomers seen have 
different binding affinities to the crown ether.  This would follow from one isomer containing 
a substituted secondary amine, since secondary amines have lower proton affinities 
compared to primary amines.  The large number of different possibilities for these isomers 
precludes identification but suggests that the unsaturation observed for the primary amine 
loss could relate to either a ring formation or higher nitrogen inclusion.  This higher degree 
of nitrogen incorporation also helps explain why unsaturation is observed only for higher 
mass species.  The possibility of both isomers being contained in this series is accounted for 
in Table 5.1 and shows the care necessary in these identifications. 
While the possibility of isomers presents difficulties for some identifications, others 
are simplified by structural possibilities.  This is most obvious for the NL and MS3 scans of 
372 and 386 m/z, shown in figure 5.8 a and b respectively.  Both MS3 scans show a peak at 
91 m/z, which most likely corresponds to a toluene [M-H]+ radical cation, due to its stability 
and observation in the MS/MS spectra of other substituted benzene molecules.  This would 
make the complex at 372 m/z correspond to benzyl amine by comparison with prior reported 
MS/MS data.  Taking the 91 m/z in the MS3 scan of 386 m/z to be the same toluene cation, 
the 105 m/z fragment would also correspond to another substituted benzene molecule.  
Comparison with other MS/MS data can also provide a most likely identification of 
phenylethylamine for this second compound.  These data show that with distinctive 
fragments, identifications can be made even if multiple isomers are possible.  
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Figure 5.8. CID data for benzene containing species from the aged tholin sample.  a) Top: MS/MS scan for 372 
m/z showing the loss of the neutral 18-crown-6 ether (264 Da) as the most intense peak with multiple other 
fragments also visible.  Bottom: MS3 scan for 108 m/z, showing loss of ammonia and a fragment indicative of 
a toluene radical cation.  b)  Top: MS/MS scan for 386 m/z showing the loss of the neutral 18-crown-6 ether as 
the second most intense peaks, with another loss from a non-complexed 386 species as the dominant fragment.  
Bottom: MS3 scan for 122 m/z, showing loss of ammonia from one fragment and a second fragment from 
methylamine loss also matching a toluene ion.  Both of these fragments are assigned to benzene containing 
species.    
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The identification of two substituted benzene molecules is ideal for the 
characterization of tholins.  These types of amines would be expected on Titan due to the 
prior observation of benzene in Titan’s atmosphere.8, 66  The production of two different 
substituted benzene molecules with a methylene difference between then suggests more 
complex chemistry for primary amines is possible and possibly favored.  This second 
possibility is further supported by the lack of aniline, which was expected from ammonia 
addition to a phenyl radical.  Benzyl radicals are more stable than phenyl radical and thus 
may be more readily synthesized and available for reactions with small amines.  Since other 
substituted benzene molecules were not identified with this method when looking for the 91 
m/z fragment, there may be quenching characteristics to the chemistry that truncate 
subsequent reactions.  This could be due to consumption of smaller amines and ammonia in 
the synthesis of the many other primary amines observed in the material.  Benzene is much 
more complicated than the other subunits observed here, and the longer timescale for its 
synthesis could be a limiting factor since ammonia may already be consumed in other 
reactions and not available in a large enough scale.  While these observations would need to 
be confirmed, this does show that the 18-crown-6 ether complex can readily form with more 
complex primary amines. 
The final observation true for both the new and aged tholin samples was the lack of 
any doubly complexed species.  Since both species display the amino nitrile series and the 
110 Da series it can be assumed that this is also a fundamental characteristic common 
between the tholins.   This suggests that, contrary to what might be expected from such a 
complex mixture, compounds with two sterically available primary amines are not readily 
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produced during tholin synthesis.  Some of the possible reasons for this observation 
include increased reactivity of amines within the plasma, or compounds with two primary 
amines being more volatile and readily lost.  The most likely possibility is that the high 
energy of the plasma contributes to an increased abundance of other functional group which 
decreases the probability of forming a compound with two sterically available primary 
amines.  These high energy processes may also convert a second primary amine to a 
secondary or tertiary amine, precluding their detection.       
The data presented here show that the 18-crown-6 ether host-guest complex with 
primary amines is effective for the identification of various primary amines within the tholin 
sample without the need for extensive preprocessing.  The in source CID method combined 
with the MS3 NL method allow for the unambiguous identification of primary amines as the 
favored guest, confirming that the complex is not readily formed with secondary amines or 
imines.  The MS3 NL method provides much needed structural information.  Production of 
primary amines has prebiotic significance, but the variety of primary amines observed in this 
experiment demonstrates that they may be a more common substituent than expected.   
While the primary amines observed in the aged sample are lower in intensity and thus 
not present in high quantities compared to the new tholin, they also remained stable under 
atmospheric storage for two years.  This suggests that enough primary amines are produced 
in stable enough confirmations to allow for detection after atmospheric degradation and 
evaporative losses.  Combined with the observation of two regular series in the new tholin, 
it can be assumed that primary amines with a range of complexity likely comprise a 
reasonable amount of molecules within the tholins, making their identification necessary for 
proper characterization of the material.          
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Identification of complexes for which two different isomers are possible presents 
an additional difficultly, since the crown ether complex does not discern beyond a sterically 
available primary amine.  More specific identification would require increased sensitivity or 
mass resolution.  These studies would need to be combined with MSn data to allow for 
structural identification, for which these data may provide a starting point upon which to base 
that future analysis.  Another possibility would be the incorporation of the 18-crown-6 ether 
with high-performance liquid chromatography as a post column reagent.  This would allow 
for the identification of different structural isomers assumed to be present for the more 
complex MS3 data in this study.  The initial 18-crown-6 either complexation does present a 
complement to other analytical methods, allowing for the unambiguous identification of a 
primary amine functionality and the precise identification of some molecules.  These data 
provide interesting insights into the prevalence of primary amines within tholins and the 
difficulties in their characterization.                            
5.6 Conclusions  
A supramolecular host-guest complex for the detection of primary amines in two 
tholin samples representative of Titan’s atmosphere has been presented using an 18-crown-
6 ether host.  The complex was observed for various primary amines within each sample 
without extensive sample processing.  The complexes formed were confirmed as primary 
amines and a MS3 NL method allowed for additional structural information to be obtained.  
From the available data possible chemical formulae are proposed and some compounds 
identified, including a compounds with both amine and nitrile functionalities along with 
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substituted benzene molecules.  Both of these have important implications for Titan’s 
atmospheric chemistry due to their expected occurrence on Titan and, in the case of the 
aminoacetonitrile, possible astrobiological significance.  The significant presence of primary 
amines in the aged tholin show that, while a new tholin sample is necessary for high intensity 
peaks, primary amines in tholins are produced in high abundance and are relatively stable.  
These data show that this supramolecular complex presents a complementary analytical 
method for the identification of primary amines within tholins and establishes a solid 
foundation for future analyses.      
5.7 Acknowledgements 
We would like to thank Mark Smith for providing the tholin samples for analysis.  
The research was funded by NSF award number CHE-1508825.  The early part of this work 
was funded by NASA Astrobiology Institute, Titan as a Prebiotic Chemical System, and the 
Keck Institute for Space Studies, Future Missions to Titan: Scientific and Engineering 
Challenges.  K.T.U. acknowledges financial support from the Harriett Jenkins Pre-Doctoral 
Fellowship Program.  
5.8 References       
1. E. R. Stofan, C. Elachi, J. I. Lunine, R. D. Lorenz, B. Stiles, K. L. Mitchell, S. Ostro, L. 
Soderblom, C. Wood, H. Zebker, S. Wall, M. Janssen, R. Kirk, R. Lopes, F. Paganelli, J. 
Radebaugh, L. Wye, Y. Anderson, M. Allison, R. Boehmer, P. Callahan, P. Encrenaz, E. 
Flamini, G. Francescetti, Y. Gim, G. Hamilton, S. Hensley, W. T. K. Johnson, K. 
  
201
Kelleher, D. Muhleman, P. Paillou, G. Picardi, F. Posa, L. Roth, R. Seu, S. Shaffer, 
S. Vetrella and R. West, Nature, 2007, 445, 61-64. 
2. J. Radebaugh, R. Lorenz, T. Farr, P. Paillou, C. Savage and C. Spencer, Geomorphology, 
2010, 121, 122-132. 
3. J. T. Perron, M. P. Lamb, C. D. Koven, I. Y. Fung, E. Yager and M. Ádámkovics, Journal 
of Geophysical Research: Planets, 2006, 111, E11001. 
4. F. M. Flasar, R. K. Achterberg, B. J. Conrath, P. J. Gierasch, V. G. Kunde, C. A. Nixon, 
G. L. Bjoraker, D. E. Jennings, P. N. Romani, A. A. Simon-Miller, B. Bézard, A. 
Coustenis, P. G. J. Irwin, N. A. Teanby, J. Brasunas, J. C. Pearl, M. E. Segura, R. C. 
Carlson, A. Mamoutkine, P. J. Schinder, A. Barucci, R. Courtin, T. Fouchet, D. Gautier, 
E. Lellouch, A. Marten, R. Prangé, S. Vinatier, D. F. Strobel, S. B. Calcutt, P. L. Read, 
F. W. Taylor, N. Bowles, R. E. Samuelson, G. S. Orton, L. J. Spilker, T. C. Owen, J. R. 
Spencer, M. R. Showalter, C. Ferrari, M. M. Abbas, F. Raulin, S. Edgington, P. Ade and 
E. H. Wishnow, Science, 2005, 308, 975-978. 
5. M. Fulchignoni, F. Ferri, F. Angrilli, A. J. Ball, A. Bar-Nun, M. A. Barucci, C. Bettanini, 
G. Bianchini, W. Borucki, G. Colombatti, M. Coradini, A. Coustenis, S. Debei, P. 
Falkner, G. Fanti, E. Flamini, V. Gaborit, R. Grard, M. Hamelin, A. M. Harri, B. Hathi, 
I. Jernej, M. R. Leese, A. Lehto, P. F. Lion Stoppato, J. J. Lopez-Moreno, T. Makinen, 
J. A. M. McDonnell, C. P. McKay, G. Molina-Cuberos, F. M. Neubauer, V. Pirronello, 
R. Rodrigo, B. Saggin, K. Schwingenschuh, A. Seiff, F. Simoes, H. Svedhem, T. Tokano, 
M. C. Towner, R. Trautner, P. Withers and J. C. Zarnecki, Nature, 2005, 438, 785-791. 
6. N. Balucani, F. Leonori, R. Petrucci, M. Stazi, D. Skouteris, M. Rosi and P. Casavecchia, 
Faraday Discussions, 2010, 147, 189-216. 
  
202
7. H. Imanaka and M. A. Smith, Geophysical Research Letters, 2007, 34, n/a-n/a. 
8. V. Vuitton, R. V. Yelle and J. Cui, Journal of Geophysical Research: Planets, 2008, 113, 
E05007. 
9. H. B. Niemann, S. K. Atreya, J. E. Demick, D. Gautier, J. A. Haberman, D. N. Harpold, 
W. T. Kasprzak, J. I. Lunine, T. C. Owen and F. Raulin, J Geophys Res-Planet, 2010, 
115, E12006. 
10. M. L. Cable, S. M. Hörst, R. Hodyss, P. M. Beauchamp, M. A. Smith and P. A. Willis, 
Chemical Reviews, 2012, 112, 1882-1909. 
11. N. Carrasco, I. Schmitz-Afonso, J. Y. Bonnet, E. Quirico, R. Thissen, O. Dutuit, A. 
Bagag, O. Laprévote, A. Buch, A. Giulani, G. Adandé, F. Ouni, E. Hadamcik, C. Szopa 
and G. Cernogora, The Journal of Physical Chemistry A, 2009, 113, 11195-11203. 
12. B. Cunha de Miranda, G. A. Garcia, F. Gaie-Levrel, A. Mahjoub, T. Gautier, B. Fleury, 
L. Nahon, P. Pernot and N. Carrasco, The Journal of Physical Chemistry A, 2016, 120, 
6529-6540. 
13. C. He, G. Lin and M. A. Smith, Icarus, 2012, 220, 627-634. 
14. C. He, G. Lin, K. T. Upton, H. Imanaka and M. A. Smith, The Journal of Physical 
Chemistry A, 2012, 116, 4760-4767. 
15. H. Imanaka, B. N. Khare, J. E. Elsila, E. L. O. Bakes, C. P. McKay, D. P. Cruikshank, S. 
Sugita, T. Matsui and R. N. Zare, Icarus, 2004, 168, 344-366. 
16. M. Morisson, C. Szopa, N. Carrasco, A. Buch and T. Gautier, Icarus, 2016, 277, 442-
454. 
17. M. C. Pietrogrande, P. Coll, R. Sternberg, C. Szopa, R. Navarro-Gonzalez, C. Vidal-
Madjar and F. Dondi, Journal of Chromatography A, 2001, 939, 69-77. 
  
203
18. N. Sarker, A. Somogyi, J. I. Lunine and M. A. Smith, Astrobiology, 2003, 3, 719-
726. 
19. E. Sciamma-O'Brien, N. Carrasco, C. Szopa, A. Buch and G. Cernogora, Icarus, 2010, 
209, 704-714. 
20. E. Sciamma-O'Brien, K. T. Upton and F. Salama, Icarus, 2017, 289, 214-226. 
21. A. Somogyi, C. H. Oh, M. A. Smith and J. I. Lunine, Journal of the American Society 
for Mass Spectrometry, 2005, 16, 850-859. 
22. A. Somogyi, M. A. Smith, V. Vuitton, R. Thissen and I. Komaromi, Int J Mass Spectrom, 
2012, 316, 157-163. 
23. C. Szopa, G. Cernogora, L. Boufendi, J. J. Correia and P. Coll, Planetary and Space 
Science, 2006, 54, 394-404. 
24. G. Alcouffe, M. Cavarroc, G. Cernogora, F. Ouni, A. Jolly, L. Boufendi and C. Szopa, 
Plasma Sources Sci T, 2010, 19. 
25. S. M. Hörst, Journal of Geophysical Research: Planets, 2017, 122, 432-482. 
26. P. Ehrenfreund, J. J. Boon, J. Commandeur, C. Sagan, W. R. Thompson and B. Khare, 
Adv Space Res, 1994, 15, 335-342. 
27. S. M. Horst, R. V. Yelle, A. Buch, N. Carrasco, G. Cernogora, O. Dutuit, E. Quirico, E. 
Sciamma-O'Brien, M. A. Smith, A. Somogyi, C. Szopa, R. Thissen and V. Vuitton, 
Astrobiology, 2012, 12, 809-817. 
28. M. McGuigan, J. H. Waite, H. Imanaka and R. D. Sacks, J Chromatogr A, 2006, 1132, 
280-288. 
29. L. Torokova, J. Watson, F. Krcma, V. Mazankova, N. J. Mason, G. Horvath and S. 
Matejcik, Contributions to Plasma Physics, 2015, 55, 470-480. 
  
204
30. R. Courtin, R. Wagener, C. P. McKay, J. Caldwell, K.-H. Fricke, F. Raulin and P. 
Bruston, Icarus, 1991, 90, 43-56. 
31. J. M. Bernard, E. Quirico, O. Brissaud, G. Montagnac, B. Reynard, P. McMillan, P. Coll, 
M. J. Nguyen, F. Raulin and B. Schmitt, Icarus, 2006, 185, 301-307. 
32. A. Somogyi, R. Thissen, F. R. Orthous-Daunay and V. Vuitton, Int J Mol Sci, 2016, 17. 
33. M. L. Cable, A. M. Stockton, M. F. Mora and P. A. Willis, Analytical Chemistry, 2013, 
85, 1124-1131. 
34. R. M. Izatt, J. S. Bradshaw and R. L. Bruening, (2007) Ion Separation in Membrane and 
Solid Phase Extraction Systems. In: Perspectives in Supramolecular Chemistry, John 
Wiley & Sons, Ltd., pp 225-243 
35. R. M. Izatt, J. S. Bradshaw, R. L. Bruening, B. J. Tarbet and M. L. Bruening, 
Comprehensive Supramolecular Chemistry, 1996. 
36. J. Lehn, Science, 1993, 260, 1762-1763. 
37. M. J. Webber, E. A. Appel, E. W. Meijer and R. Langer, Nat Mater, 2016, 15, 13-26. 
38. B. Hasenknopf, J.-M. Lehn, B. O. Kneisel, G. Baum and D. Fenske, Angewandte Chemie 
International Edition in English, 1996, 35, 1838-1840. 
39. J.-M. Lehn, Angewandte Chemie International Edition in English, 1990, 29, 1304-1319. 
40. B. J. G. E. Pieters, M. B. van Eldijk, R. J. M. Nolte and J. Mecinovic, Chemical Society 
Reviews, 2016, 45, 24-39. 
41. D. S. Lawrence, T. Jiang and M. Levett, Chemical Reviews, 1995, 95, 2229-2260. 
42. F. Li, J. K. Clegg, L. F. Lindoy, R. B. Macquart and G. V. Meehan, Nature 
Communications, 2011, 2, 205. 
  
205
43. G. V. Oshovsky, D. N. Reinhoudt and W. Verboom, Angewandte Chemie 
International Edition, 2007, 46, 2366-2393. 
44. S. Zhang, Nat Biotech, 2003, 21, 1171-1178. 
45. K. D. Daze, T. Pinter, C. S. Beshara, A. Ibraheem, S. A. Minaker, M. C. F. Ma, R. J. M. 
Courtemanche, R. E. Campbell and F. Hof, Chemical Science, 2012, 3, 2695-2699. 
46. A. I. Day, R. J. Blanch, A. P. Arnold, S. Lorenzo, G. R. Lewis and I. Dance, Angewandte 
Chemie International Edition, 2002, 41, 275-277. 
47. H.-J. Schneider, Angewandte Chemie International Edition, 2009, 48, 3924-3977. 
48. A. Späth and B. König, Beilstein Journal of Organic Chemistry, 2010, 6, 32. 
49. D. J. Harvey, Journal of Chromatography B, 2011, 879, 1196-1225. 
50. I. Ilisz, R. Berkecz and A. Péter, Journal of Pharmaceutical and Biomedical Analysis, 
2008, 47, 1-15. 
51. H. Kataoka, Journal of Chromatography A, 1996, 733, 19-34. 
52. J. Laskin, P. A. Eckert, P. J. Roach, B. S. Heath, S. A. Nizkorodov and A. Laskin, 
Analytical Chemistry, 2012, 84, 7179-7187. 
53. A. G. Marshall and R. P. Rodgers, Proc Natl Acad Sci U S A, 2008, 105, 18090-18095. 
54. J. M. Purcell, C. L. Hendrickson, R. P. Rodgers and A. G. Marshall, Analytical 
Chemistry, 2006, 78, 5906-5912. 
55. S. Blair, E. Kempen and J. Brodbelt, Journal of the American Society for Mass 
Spectrometry, 1998, 9, 1049-1059. 
56. J. S. Bradshaw and R. M. Izatt, Accounts of Chemical Research, 1997, 30, 338-345. 
57. M. Bühl, R. Ludwig, R. Schurhammer and G. Wipff, The Journal of Physical Chemistry 
A, 2004, 108, 11463-11468. 
  
206
58. C. J. Pedersen and H. K. Frensdorff, Angewandte Chemie International Edition in 
English, 1972, 11, 16-25. 
59. V. Rüdiger, H.-J. Schneider, V. P. Solov'ev, V. P. Kazachenko and O. A. Raevsky, 
European Journal of Organic Chemistry, 1999, 1999, 1847-1856. 
60. B. L. Williamson and C. S. Creaser, Int J Mass Spectrom, 1999, 188, 53-61. 
61. R. R. Julian and J. L. Beauchamp, Int J Mass Spectrom, 2001, 210–211, 613-623. 
62. Y. Qi and D. A. Volmer, Rapid Communications in Mass Spectrometry, 2015, 29, 2316-
2318. 
63. M. G. Schmid and G. Gübitz, in Chiral Separations: Methods and Protocols, eds. G. 
Gübitz and M. G. Schmid, Humana Press, Totowa, NJ, 2004, DOI: 10.1385/1-59259-
648-7:317, pp. 317-321. 
64. R. Hodyss, Dissertation (Ph.D.), The California Institute of Technology, 2006. 
65. B. N. Tran, J. C. Joseph, M. Force, R. G. Briggs, V. Vuitton and J. P. Ferris, Icarus, 2005, 
177, 106-115. 
66. E. H. Wilson and S. K. Atreya, Planetary and Space Science, 2003, 51, 1017-1033. 
 
 
 
 
 
 
